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Abstract 
Present work intends to apply a mathematical methodology to estimate energy savings resulting from the application of energy 
efficiency measures in cold chambers from the dairy industry. Thermodynamic equations are applied to calculate the penetrating 
heat and actual consumption. By optimizing entry data, the optimum consumption is determined as well as the most appropriate 
measures of efficiency. 
The methodology developed was applied in real cold chambers from the dairy industry, more specifically in the cheese area of 
Nisa, Portugal. Results obtained substantiate reductions in the consumption of energy of 67% with a return of investment in the 
defined measures of 4 years. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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1. Introduction  
In Portugal, dairy industry is one of the most representative industries in the agro-food sector, with a market 
share of 14 % in terms of business volume. The majority of this industry (about 97%) is composed by small sized 
companies with considerable energy spending [1]. Existing refrigeration systems in the productive process destined 
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to conserve the dairy products are largely responsible for high levels of energy consumption, and in some companies 
it can be estimated that those levels may achieve percentages in the order of 60% of total energy used. Main causes 
that have been detected and contribute to such high spending are: deteriorated door junctions, poor insulation along 
the edges of cold chambers or lack of awareness of human resources for good behavioral practices. Many of these 
causes can be easily corrected with immediate results in terms of savings, estimating that these can be in the order of 
20% [2].  
 
Refrigeration systems capture existing heat inside of cold chambers and convey it to the outside, subjecting a 
refrigerant fluid to a cyclical change of physical states with the help of four basic components: compressor, 
condenser, expansion valve and evaporator. Compressor is the element that keeps the cycle active and is responsible 
for a considerable part of all energy consumed usually recorded [3]. 
 
Several mathematical models were conceived to simulate the behavior of cold chambers (prediction of energy 
consumption and other thermal variables) in order to help their project and optimization. A series of advantages is 
obtained from the use of these models against the experimental prototyping: less time for tests, reduced costs, 
flexibility in changing working conditions and even greater precision in results due to the increasing power 
calculation of computers and the intense research in the modeling area [4]. 
 
Models based on the CFD (Computer Fluid Dynamics) technique enable a visual forecast of air mass and heat 
movement inside the chamber as well as local values of temperature and air speed with relative deviations of 3%. 
They are used to improve air distribution systems and their principle of operation is based on the decomposition of 
space into elements of small volume; thermodynamic equations and laws of conservation of mass/energy are applied 
to each element in order to estimate the desired quantities [5, 6]. 
 
Other models seek the representation of the cold generation circuit as a way to simulate global functioning of the 
cold chamber or even to improve performance of a specific component (e. g. compressor and refrigerant fluid); these 
models may achieve results with a precision of between 5 and 8% [7, 8, 9]. They also allow the simulation of the 
steady state (continuous and uninterrupted drainage of refrigerant fluid) or both the steady and dynamic states 
simultaneously (considers also the irregular and complex drainage of fluid during start/stop operation of the 
compressor). The second type of simulation is more accurate but also more time consuming. Whatever the case, a 
set of equations is solved in an iterative process until results (e. g. energy consumption, temperature and COP) 
achieve the desired precision criteria [4]. 
 
Many of the referred models have some disadvantages like the lack of simplicity and because they only can be 
applied in very specific circumstances, therefore not being feasible to evaluate savings made by the several 
measures of efficiency that can be employed. Further to this, there are a few existing studies that focus on the 
analysis of the most influent parameters in final consumption as well as on the determination of the most relevant 
thermal loads. 
 
In the current work it is intended to apply a simple methodology to predict energy expenditure in cold chambers 
in order to achieve the following goals: 
x to forecast the global energy consumption by simulating the introduction of one or more efficiency measures; 
x to determine which parameters are the most influent in final consumption. 
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Nomenclature 
Aent Area of chamber's entrance (m2). 
Ai Area of enclosure i (m2). 
COP Coefficient of performance. 
cp Specific heat of product (J.kg-1.ºC-1). 
cp dry air Specific heat of dry air (J.kg-1.K-1). 
Df Air flow factor. 
E Efficiency of barriers against entry of external air. 
Echamber Energy consumption of chamber (kW.h). 
ei;j Thickness of layer j in enclosure i (m). 
g Gravity acceleration (9,81 m.s-2). 
H Height of chamber's entrance (m). 
hair Specific enthalpy of air (J.kg-1). 
hext Specific enthalpy of external air (J.kg-1). 
hint Specific enthalpy of internal air (J.kg-1). 
Mdry air Molar mass of dry air (0,02897 kg.mol-1). 
Mvap Molar mass of water (0,018 kg.mol-1). 
min Product mass entering the chamber (kg). 
npeo Number of people inside chamber (s). 
P Number of times entrance is opened. 
Pte i Thermal power of inner equipment i (W). 
patm Atmospheric pressure (101325 Pa). 
psat vap Saturation pressure of vapor in the air (Pa). 
Qtrans Heat transmitted through enclosures (J). 
Qair Heat transmitted by infiltrated air (J). 
Qprod Heat transferred by preserved product (J). 
Qele Heat transferred by inner electrical equipment 
(J). 
Qpeo Heat transferred by people inside (J). 
Rid gas Ideal gas constant (8,314 Pa.m3.mol-1.K-1 ). 
Rse i Outer surface thermal resistance of enclosure i 
(m2.ºC.W-1). 
Rsi i Inner surface thermal resistance of enclosure i 
(m2.ºC.W-1). 
Tair Air temperature (K). 
Tcond Condenser temperature (ºC). 
Tevap Evaporator temperature (ºC). 
Text i Outer temperature of enclosure i (ºC). 
Tint Inner chamber's temperature (ºC). 
Tini prod Initial temperature of product (ºC). 
tdoor Door opening time per access (s). 
te i Working time of inner equipment i (s). 
tpeo Permanence time of people inside chamber (s). 
twork Chamber's functioning time (s). 
Școmp Overall efficiency of system components. 
ĳair Relative humidity of air (%). 
Ȝi;j Thermal conductivity of layer j (W.m-2.ºC-1). 
ȡair Air mass density (kg.m-3). 
ȡext Mass density of external air (kg.m-3). 
ȡint Mass density of internal air (kg.m-3). 
2. Methodology to estimate energy consumptions  
Using a set of data collected from the analyzed chamber (table 1) and after its introduction in a spreadsheet, the 
algorithm carried out the calculation of the various thermal contributions which are susceptible to penetrate into the 
space (through the enclosures, infiltrated air, lighting, …). Finally, it considers the refrigeration cycle efficiency to 
provide the electric consumption of the compressor, which is the most important component in terms of expenditure. 
 
Modification of appropriated entry parameters represented a measure of energy efficiency to be tested, and 
evaluation of the resultant savings was achievable through the difference between the optimized consumption and 
the original one. 
Table 1 - Input data to be inserted in the spreadsheet. 
Constructive aspects Climatic variables Accommodated product Behavioral practices 
Chamber dimensions 
Entrance dimensions 
Enclosure's materials 
Electric power of internal equipment 
Global efficiency of components 
Protection against air passage at entrance 
Internal / external 
temperature 
Internal / external 
relative humidity 
Evaporator temperature 
Condenser temperature 
Mass of product entering the 
chamber 
Initial temperature 
Physical properties (specific heat, 
freezing temperature, ...) 
Door opening time 
Time of people's 
presence inside 
chamber 
Number of people 
inside 
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2.1. Calculation of thermal loads  
Total heat to be removed from the chamber is equivalent to the sum of all penetrating thermal loads with several 
origins. Figure 1 discriminates all those loads and the sources of origin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - a) classification of penetrating thermal loads; b) sources of thermal loads. 
To calculate each load the following mathematical formulae were applied [10]. 
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In equation 2, specific enthalpies (hint and hext) and air mass densities (ɏint and ɏext) were estimated by expressions 
6 and 7. 
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Considering the efficiency of the refrigeration system as a whole (COP and Ʉcomp), the energy consumed by it 
comes close to the compressor consumption and is provided by equation 8 [3]. 
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2.2. Determination of the most appropriated energy efficiency measures  
Figure 2 shows the procedure to select the most appropriate measures of optimization for the chamber through an 
evaluation of energy savings and economic feasibility generated by them. 
 
All collected data is converted to SI units and inserted into the spreadsheet to simulate energy consumption. 
Every time this variable is greater than the value obtained from previous simulations, it means that consumption is 
not optimized and, therefore, a different measure must be defined in order to be modeled by adjusting the necessary 
input parameters. Otherwise, an economic evaluation of current measure is accomplished (through the calculation of 
initial investment and payback time); if it is not economically viable, a new measure is chosen and the entire 
procedure begins again. 
 
The study ends until it is not possible to define new measures (e. g. technical limitations or optimum 
consumption was achieved), or when total investment applied in previous accepted measures exceeded the stipulated 
limit. At this stage it is expected to obtain the following outputs from the entire procedure: 
x the most adequate set of efficiency measures to be implemented; 
x the total energy saving, by simulating the combination of all selected measures through the adjustment of 
appropriate inputs. 
3. Experimental test  
The experimental test that was carried out had as its purposes: 
x to theoretically identify which entry parameters had the greatest influence on final consumption; 
x to determine the possible energy saving in a real chamber through the simulation of efficiency measures. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Procedure to select the most appropriate energy efficiency measures. 
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The chamber selected for the test is located in a company that produces the handmade cheese of Nisa (Portugal) 
and is dedicated for the maturing process. Temperature, relative humidity and conservation time are all monitored 
and placed between stable limits by a control panel, improving the reliability of data acquired. 
 
There is a moveable tight door to access the interior which is usually opened during a long period of time to 
execute work tasks by 4 members of the staff. 
 
The experimental method consisted in carrying out data collection regarding the chamber, the working conditions 
and the behavioral practices of use. Such data was treated and inserted into a spreadsheet in order to get the 
predicted energy consumption. A measurement of real consumption of the chamber was also performed during the 
work period of the company. That measurement was recorded with a power quality analyzer installed in the 
chamber's control cabinet, and so it was possible to compare both real and simulated consumptions. 
 
Some illustrations of the chamber are shown in figure 3. 
 
The identification of the most influent parameters in the global consumption was conducted by a sensitivity 
analysis, which consisted in a study of the variation of simulated consumption as a function of inputs defined in 
table 2. 
 
Finally, two measures of energy efficiency were simulated to evaluate the resulting energy savings and the 
economic feasibility, which are next specified: 
x maintaining the door closed when staff members perform tasks inside the chamber, installation of presence 
detectors to automatically activate lighting and usage of an air curtain device at the entrance  (suppose P = 6, tdoor 
= 60 s and E = 0,7); 
x reduction of the number of employees inside the chamber to two persons (suppose npeo = 2 and tpeo = 5400 s). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Images of the test chamber: a) entrance door; b) product accommodation. 
  
a)
b)
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Table 2 - Inputs to vary in the sensitivity analysis. 
Input Observations 
Internal temperature (Tint) - 
Opening door frequency (P) Period of time per door opening: 2 min. 
Type and electric power of lighting (Pte 1) Lighting is on during door opening; total luminous flux: 20800 lm. 
Number of employees inside the chamber per access (npeo) Total permanence time of employees in each access: 1 h. 
4. Results and discussion  
Table 3 summarizes all data regarding constructive issues and working conditions of the chamber obtained in the 
experiment. 
 
Table 4 shows the real consumption (measured by the power quality analyzer) and the simulated consumption 
(resulted from the proposed methodology). It was observed that the deviation between both values are significant, 
meaning that there is a high potential of energy optimization. The difference is due largely to various phenomena 
like heat exchange through the door gaps, through the edges of the chamber and through the tubes where refrigerant 
fluid circulates, since all of these points were not duly isolated. 
 
So, the deviation between both real and simulated consumptions enabled to predict an enormous potential of 
energy saving to be obtained by integrating an adequate thermal insulation in all points referred previously and 
carrying out a periodic maintenance on the same insulations. 
 
Figure 4 showed that thermal load of infiltrated air is the most influent in the final consumption, representing 
more than half of all heat entering the chamber. An improvement study for energy efficiency should prioritize the 
definition of measures in order to reduce such load (e. g. by keeping the door shut during internal tasks or by 
installing an automatic door). Thermal load of inner electric equipment, the second most relevant, justifies its high 
values due to the fact that the air circulation fan was in operation throughout the entire test. It is suggested to 
develop a study in order to make an automatic control of that fan, so it can be switched on during the period of time 
strictly necessary. 
 
The lack of thermal load released by the product was due to its constant temperature throughout the test 
(therefore, the sensible heat is zero) and also because no further cheese entered the chamber. 
 
In the sensitivity analysis (figure 5), the most relevant inputs were the internal temperature (-1,34 kW.h/ºC) and 
the door opening frequency (+0,35 kW.h/access), which makes sense taking into account that both are directly 
related with two of the most significant thermal loads: from the infiltrated air and from the heat transmitted through 
enclosures. Lighting had a negligible contribution when the application of fluorescent or LED lamps were 
simulated, the latter being responsible for a smaller consumption due to the low heat emissions. The use of 
fluorescent lamps was acceptable due to the low difference between its consumption and those of LED lamps, but 
the same was not true for halogen lamps because of the high thermal load introduced which led to a much higher 
consumption (approximately 0,50 kW.h more when compared to the previous lamps). 
 
The number of staff inside the chamber generated the lowest weighted thermal load in final consumption (+0,11 
kW.h/person), among all inputs evaluated. Even so, the reduction of this input may have some relevant impact in 
final consumption for a long term simulation.  
 
Considering now the study about the introduction of energy efficiency measures in the chamber (table 5), it was 
verified that the one which consisted in reducing the time of door opening and installing an air curtain device was 
really very interesting due to the energy saving it could provide (more than half of the original consumption). Even 
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though payback time is relatively long (4 years) because it was hypothesized that the door is opened a few times per 
day, it is likely that that value may be less because in practice there are days in which the company supplies or 
removes large quantities of product from the chamber, implying that the entrance is opened during a much longer 
period of time than it was admitted initially. This company's behavior will enable to compensate quicker the 
investment applied in the air curtain device, considering that the equipment is only useful every time the entrance is 
opened. Therefore, it was judged that the proposed measure showed economic feasibility, and the final decision to 
adopt it is left to the administration according to the available funds and the purposes reserved for them. 
 
The option to reduce the number of employers did not show significant improvements in the original 
consumption (savings less than 1%), but it may have some impact in the annual energy bill. Besides, this second 
measure did not impose any initial investment. Although during the conducted simulation the time of permanence of 
staff inside the chamber was expanded in order to give them time to perform all service, it is important to define 
faster and more effective working methods and to check out if the proposed measure does not violate the 
organizational principles of the company. 
Table 3 - Technical characteristics of the test chamber. 
Variable Value Variable Value 
Make up of enclosures 
Wall 1 e 2: 0,002 m steel plate + 0,050 m 
polyurethane + 0,002 m steel plate. 
Wall 3: 0,002 m steel plate + 0,100 polyurethane + 
0,150 m masonry + 0,002 m steel plate. 
Wall 4: 0,002 m steel plate + 0,050 m polyurethane 
+ 0,150 m masonry + 0,010 m plaster. 
Floor: 0,050 m screed + 0,250 m polystyrene + 
0,100 m reinforced concrete + 0,100 m air gap. 
Ceiling: 0,050 m screed + 0,050 m polystyrene + 
0,150 m reinforced concrete + 0,002 m steel plate. 
Experiment duration 18195 s 
Chamber dimensions 
(LuWuH) 
6,40 u 6,40 u 3,20 m 
Entrance dimensions 
(WuH) 1,35 u 2,20 m 
Thermal power of air 
circulation fan 698 W 
Average temperature of 
product 8,5 ºC 
Average temperature 
(internal / external) 8,5 ºC / 16,8 ºC 
Total time for door opening 
/ lighting on 1 h 
Relative humidity (internal / 
external) 75,0 % / 66,3 % 
Working time of air 
circulation fan 18195 s 
Evaporator temperature -1,0 ºC Permanence time of employers inside chamber 3600 s 
Condenser temperature 68,0 ºC Number of employers inside chamber 4 
Electric power of fluorescent 
lighting (4 u T8 58 W) 232 W 
Global efficiency of 
components 50 % 
 
Table 4 - Values for real and simulated energy consumption for the test chamber 
Real energy consumption (kW.h) Simulated energy consumption (kW.h) Diference (kW.h) 
29,205 12,042 kW.h 17,163 kW.h 
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Table 5 - Estimates for consumption savings, initial investment and payback time for each simulated energy efficiency measure. 
Measure Simulated consumption (kW.h) 
Consumption 
saving (%) 
Initial 
investment (€) 
Payback 
time (year) 
None 12,042 - - - 
Closure of door during running tasks, installation 
of presence detectors and air curtain device 4,077 66,1 1271,20 4 
Tasks performed by 2 employers in the chamber 11,930 0,9 0 0 
All measures 3,965 67,0 1271,20 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - Contribution of each thermal load in simulated consumption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - Sensitivity analysis for energy consumption by varying input parameters a) internal temperature, b) door opening 
frequency, c) lighting type and d) number of people inside the chamber. 
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5. Conclusions  
The methodology tested and used in this work revealed its usefulness by estimating the energy consumption of a 
cold chamber through the simulation of one or more efficiency measures and also by finding out the contribution of 
each thermal load in the total energy consumed. By comparing the optimum with the original consumption it was 
determined the associated energy saving and, using this result, a check was done to see if the investment made in the 
measure would be compensated or not within the stipulated deadline. In this way, it is hoped that this methodology 
will help draughtsman, businessman and consultants in energy efficiency to decide the best measures to apply. 
 
The study developed for the test chamber revealed, as core results, that it is possible to reduce consumption by 67 
% through the application of the proposed measures and a payback time of up to 4 years for an initial investment in 
the order of € 1200 per chamber. These measures seek precisely to reduce the thermal load with the greatest impact 
in the final consumption – the infiltrated air –, with a contribution of nearly 70 %. 
 
To finalize, results obtained from the experiment demonstrated the importance of planning and implementation of 
adequate efficiency measures in a dairy industry unit, due to energy savings and cost reductions provided. Potential 
savings that were observed allow not only to increase the competitiveness of the company but also to reduce the 
emission of greenhouse gases, contributing to a healthier environment. 
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